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ABSTRACT
This study characterised the dosimetric properties of a new Gafchromic film EBT2. The
suitability of this film as an Intensity Modulated Radiation Therapy (IMRT) treatment plan
verification dosimeter was also investigated.
In accurately determining the absolute dose delivered to the film, both the film and scanner
used to digitise the images needed to be characterised.
Characterisation of the Gafchromic EBT2 film included investigating fundamental properties
such as its energy dependence, uniformity, absorbance spectra and acquiring a sensitometric
curve. The study also examined the effects of ambient room light, fractionating the dose and
cutting the film.
To ensure accurate readings of the film the scanner used, the Epson Expression 10000XL,
needed to be properly characterised. The light-scattering effect, the heating effect of the lamp
and the polarisation effect of the film were measured. The optimal resolution setting of the
scanner was also investigated.
To evaluate the films ability to verify IMRT treatments, properties such as dose rate
dependence and fractionating the dose were investigated. An IMRT plan was also created and
its dose distribution delivered to the film. The calculated dose distribution and the dose
distribution delivered to the film were evaluated with Gamma Analysis using Radiological
Imaging Technology (RIT, 2004) software.
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GLOSSARY
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TLD = Thermoluminescent Dosimeter
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1.1

Introduction

Radiotherapy

Radiotherapy is the process of employing ionizing radiation to eradicate the tumour growth
(Dyk, 1999). The goal of radiotherapy is to eradicate tumour cells while sparing surrounding
healthy tissue (Travis, 1989). The sterilisation is a result of the radiation interacting with base
pairs in the DNA molecule of a cell causing single or double strand breaks (Metcalfe, 2008).
The damage by radiation is not selective, thus the radiation interacts with both healthy and
tumour cells.
When dose is plotted for the probability of tumour control and the response of normal tissue,
a sigmoidal shaped curve is evident (Knowles M. A., Selby P., 2005), as shown in Fig. 1.1.1.
If there is an inadequate balance between the late effects of normal tissue and the probability
of tumour control, either the normal tissue will be severely damaged or the tumour will not be
sterilised (Mayles P., Nahum A. E., Rosenwald J. C.,, 2007).

Fig. 1.1.1 Tumour control probability curve (solid line) and normal tissue response
probability curve (dashed line) (Knowles M. A., Selby P., 2005).

The dose response curves for tumour control and normal tissue damage are steep at the
centre; as a consequence it is necessary to accurately determine the absorbed dose to the
tumour and surrounding tissue to avoid exceeding tolerance levels for the critical organs
while achieving local control of the tumour (Mayles P., Nahum A. E., Rosenwald J. C.,,
2007).

Sources of uncertainty in dose delivery include patient setup, organ motion within the patient
and variations in machine output. Monitoring the dose during the treatment is the most
straight-forward way of verifying the treatment plan (Cherry P., Duxbury A., 1998).
1.2

Dosimeters: A Tool for Measuring Dose

A dosimeter is a tool used to measure either absolute dose or a quantity that can be used to
derive equivalent dose (Podgorsak, 2005). The unit for measuring absorbed dose is called the
‘Gray’ (Gy) and it is equivalent to a joule of energy being absorbed in a kilogram of human
tissue (Shapiro, 1972).
Dosimetry systems can be described as being one dimensional which is a point dose
measurement, two dimensional comprising of a map of the dose distribution or three
dimensional enabling full knowledge of the dose to the target volume (IAEA, 2009).
Examples of one dimensional dosimeters are ionisation chambers and solid state detectors
such as semiconductor detectors, thermoluminescent detectors and MOSFETs. Detectors that
are considered two dimensional include film, electronic portal images, film and
configurations of two dimensional arrays of diodes.
When choosing a dosimeter for a specific application it is essential to consider what
information is needed, for example the sensitivity, accuracy and the amount of dose
information given, i.e. is a point measurement required or a full map of dose distribution?
Thermoluminescent Dosimeters (TLDs)
The use of thermoluminescent dosimeters (TLD’s) for dosimetry in radiotherapy is a popular
choice for radiation therapy centres as they are small, reusable and are highly sensitive for
low doses and respond well for large doses (Shani, 2001).
The premise for TLD’s is based on thermoluminescence. An inorganic scintillation material
absorbs a photon when exposed to ionising radiation, ejecting an electron from the valence
band into the conduction band where it later settles into a trap. Upon heating the electron
absorbs energy and is raised from the trap back up into the conduction band. The electron
then completes the process of de-excitation by emitting energy in the form of light and
migrating back to the valence band where it recombines with a hole (Knoll, 1999). The
thermoluminescence process is illustrated in Fig. 1.2.1.
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Fig. 1.2.1 The process of thermoluminescence (Attix F. H., 2004).

To perform a readout the TLD phosphor is placed in a TLD reader and is gradually heated to
the temperature of the trap, light is emitted and the light signal is detected by a
photomultiplier tube (Cherry P., Duxbury A., 1998). The light emitted from the TLD is
proportional to the energy of the radiation absorbed by the crystal, from this the absorbed
dose can be calculated (Liddel N. A., Maher K. P., 2003).
LiF is a commonly used TLD due to its almost constant response of thermoluminescence
over a large range of photon energies (Knoll, 1999). LiF is also popular as it has an atomic
number of approximately 8.3 which is almost equivalent to tissue which has an atomic
number of 7.3 (Shani, 2001). TLD’s are not an absolute dosimetry system and thus it is
necessary to calibrate them with an absolute dosimetry system. TLD’s suffer from fading
over time and do not contain a permanent dose reading (Liddel N. A., Maher K. P., 2003).
Handling TLD’s is a difficult process due to spurious effects; even with reproducible heating
cycles and care TLD’s have uncertainties of at least 3% (Khan, 2003).
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Ionisation Chambers
An ionisation chamber consists of a gas filled volume situated between two electrodes
(Goiten, 2007). When the radiation passes through the chamber the air molecules are ionised
and the negative electrons travel towards the positive electrode and the positive ions drift
towards the negative electrode. A current is collected by the electrodes and a pulse recorded
(Hendee W. R., Ritenour E. R., 2002). Two of the most common ionisation chamber
configurations are parallel-plate and cylindrical. The cylindrical configuration is illustrated in
Fig. 1.2.2.

Fig. 1.2.2 Cross-section of an ionisation chamber (University of Maryland, 2010).

In Fig. 1.2.2 the electrodes are placed at such a distance from the walls to ensure that any
secondary electrons produced by the beam within the walls will not reach the electrodes
(Attix F. H., 2004). The Lead shielding ensures that no external radiation penetrates and is
recorded by electrodes. A cylindrical chamber or coaxial chamber consists of a positive
straight wire loop surrounded by a negative electrical case. Similar to the cylindrical chamber
design, the parallel plate chamber consist of a positive and negative electrode however the
electrodes are placed on the upper and lower side of the chamber with a layer of gas between
them.
Ionisation chambers are seen to be absolute dosimeters as they can be calibrated at a primary
standards laboratory to provide an accurate dose measurement (Attix F. H., 2004), as a result
they are useful for point dose measurements. In Radiotherapy departments ionisation

4

chambers are routinely used to measure the output of the linear accelerator. In radiotherapy
applications ionisation chambers are useful for verifying dose at specific sites of a treatment
plan, however they do not provide a map of the dose distribution.
Semiconductor detectors
Semiconductor detectors are solid state detectors made up of ‘p’ and ‘n’ type materials. ‘p’
indicates positive so the material has more vacancies in the outer shell than electrons, ‘n’ type
indicates there are more electrons. The most common semiconductor materials used are
Silicon and Germanium (Cherry P., Duxbury A., 1998). Fig. 1.2.3 illustrates the
configuration of a semiconductor.

Fig. 1.2.3 Cross-section of a semiconductor (Cember, 1996).

In Fig. 1.2.3 the semiconductor consists of a depletion region sandwiched between the ‘n’
and ‘p’ region. When the incoming radiation ionises the molecules within the depletion
region the electrons travel towards the ‘p’ region and the positive holes toward the ‘n’ region.
An output pulse is then registered as the current flows through the terminals (Cember, 1996).
Semiconductor detectors are more sensitive than ionisation chambers in the order of 104
(Podgorsak, 2005) and have a very compact design. The limitations of semiconductor
detectors include a dose rate dependence and the necessity for them to be placed upon the
patient for up to a few minuted to allow them to reach a steady temperature (Cherry P.,
Duxbury A., 1998).
Metal Oxide Semiconductor Field Effect Transistor (MOSFET)
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A Metal Oxide Semiconductor Field Effect Transistor (MOSFET) works in a similar way to a
semiconductor detector, however it works as a transistor as it is able to control the flow of the
current by applying a potential (Valicenti R. K., Dicker A. P., Jaffray D. A., 2008).
MOSFETs are designed using just Si or a Si combination such as SiO 2 (Huff H. R., Gilmer D.
C., 2005).When a MOSFET is irradiated the molecules are ionised, if the electrons and holes
that are generated through ionisation do not recombine, then either the holes or electrons
migrate towards the gate depending whether the applied potential is positive or negative
(Valicenti R. K., Dicker A. P., Jaffray D. A., 2008). If the gate electrodes are made positive it
will attract electrons towards the surface of the Silicon, this process forms an ‘n’ channel
(Huff H. R., Gilmer D. C., 2005) and is illustrated in Fig. 1.2.4.
Some advantages of the MOSFET include is its small size; this enables it to be inserted into
confined spaces as small as a catheter and its ability to measure steep dose gradients as a
result of the reduced size of the sensitive region. It has been reported that a spatial resolution
of 200μm is possible (Rosenfeld A. B., et. al., 1999).

Fig. 1.2.4 Cross-section of a MOSFET dosimeter (Huff H. R., Gilmer D. C., 2005).

The limitations of MOSFET detectors include their high cost, instability, temperature
dependence and their requirement of a short time between exposure and readout (Podgorsak,
2005).
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1.3

Overview of Project

The primary objective of this project is to characterise and limit the dose uncertainty of a
particular dosimeter when used to verify a complex radiotherapy technique known as
Intensity Modulated Radiation Therapy (IMRT). In IMRT the radiation fluence from multiple
beam directions is computer optimised to achieve specific dosimetric objectives; see chapter
4 for a more detailed discussion on the principles of IMRT. The resultant dose distribution
can contain large dose gradients and high doses. To quantify the accuracy of an IMRT
delivery throughout the high dose target regions and low dose avoidance structures ideally a
high resolution 2D dosimeter should be used; hence the afore mentioned dosimeters are not
best suited for this task.
This study focuses on the characterisation of the new Gafchromic EBT2 film (ISP, 2009)
including a comparison with the earlier EBT model. In specific, the film was characterised in
terms of its energy dependence, uniformity, dose rate dependence, effects of dose
fractionation, absorbance spectra, sensitivity to room light and the impact of cutting the film
using various methods. Additionally the sensitometric curves of both the EBT and EBT2 film
were acquired as well as the impact of darkening due to repetitive scanning and the
orientation effects on the film during read-out.
The aim of the final stages of the study was to verify a treatment plan using both the
Gafchromic EBT and EBT2 film in terms of a gamma analysis. In doing so, the films
accuracy and value will be assessed to conclude whether Gafchromic EBT2 film is the
optimal choice for future IMRT verification.
The film was characterised with the intention of its use in a dosimetric Inter-Comparison of
Australian IMRT Radiotherapy Systems (ICARIS). ICARIS is a multi-centre IMRT intercomparison study that uses an anthropomorphic phantom and intends on using EBT2 as the
primary relative dosimeter. Gafchromic film is ideal for this purpose as it is self developing
and is insensitive to room light. While this project did not involve measurements in an
anthropomorphic phantom as it was still being designed and the ICARIS constructed; much
of this data was deemed critical to benchmark this detector for the ICARIS level III
dosimetry project.
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1.4

Historical Development of Film

Historically film has primarily been utilised in diagnosing bone damage, dense formations
such as kidney stones, dental cavities and osteoporosis. These diagnoses draw on the ability
of the radiation to penetrate soft tissue and interact with the film while the more dense tissue
such as bone leaves the film unchanged (Heggie J. C. P., Liddell N. A., Maher K. P., 2001).
In radiotherapy applications, film is currently used to verify a patient’s position on the
treatment couch prior to treatment as well as verifying the location and dose distribution of
the treatment field (Mayles P., Nahum A. E., Rosenwald J. C.,, 2007).
Radiographic film
In the past radiographic film was the first type of film to be used in medical applications
(Heggie J. C. P., Liddell N. A., Maher K. P., 2001). Radiographic film consists of a
supercoating, gelatin emulsion and a base, as illustrated in Fig. 1.4.1. The supercoating is a
superficial layer which provides protection to the film during handling (Pendleton A. E.,
2000). The emulsion contains silver-halide crystals which interacts with the incident photon
leading to the image formation. The base provides stability and is fixed to the emulsion by an
adhesive material. In Fig. 1.4.1 the film is duplitised which refers to the film having a double
layer of emulsion; this in turn increases the efficiency (Aspinall V., 2006).

Fig. 1.4.1 Cross-sectional view of a duplitised radiographic film (Campeau F., Fleitz J.,
1998).

When the film is exposed to ionising radiation, an incident photon interacts in the layer of
emulsion. The silver-halide crystal is then ionised producing three components, as shown in
Equation 1.1. In Equation 1.1 the halide is Bromide (Heggie J. C. P., Liddell N. A., Maher K.
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P., 2001). The ionised crystals cause the film to darken during the process of development
(Halperin E. C., 2007).
𝐴𝑔𝐵𝑟 + 𝑝ℎ𝑜𝑡𝑜𝑛 → 𝐴𝑔+ + 𝐵𝑟 − + 𝑒 − ∙

(1.1)

The amount of darkening of the film is directly proportional to the amount of energy
deposited through ionisation at that point (Halperin E. C., 2007). The energy absorbed is
related to the optical density and can be measured by first scanning the film then using an
image analysis tool such as Image J (NIH, 1997).
The optical density (OD) of the film can be determined by use of Equation 1.2 (Hasegawa,
1991). In this equation I 0 is the intensity of the incident light and I t is the intensity of the
transmitted light through the film.
I

𝑂𝐷 = −log � I0 � ∙
t

(1.2)

A films speed is defined as the amount of exposure required to darken the film by an optical
density of 1 above the fog region which is the optical density of the unexposed film
(Podgorsak, 2005). A characteristic curve for a film is a plot of the optical density as a
function of exposure as shown in Fig. 1.4.2. A high speed film is used to measure a lower
radiation dose as it has a higher rate of darkening upon irradiation than a low speed film
(Driggers, 2003).

Fig. 1.4.2 A typical characteristic curve (SEAPPAVAA, 2010)
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The use of radiographic film in a radiation therapy department requires developing
equipment. This is expensive and the developing process is time consuming and creates more
factors of uncertainty (Martisikova M., 2008).
X-Omat V (Kodak, 1994) and EDR (Kodak, 2001) are examples of radiographic film. EDR
has a dose range of 1cGy to 550cGy (Fuss M., 2007), (Mayles P., 2007), whereas X-Omat-V
has a dose range of 0cGy to 170cGy (Chetty J. I., 2002). For radiotherapy applications the
film needs to have a dose range of at least 300cGy to be able to determine the dose to the
target volume. Thus the X-Omat-V film dose range was a disadvantage for dose verification.
Both of these films are classified as a slow exposure film and as a result can be left
underneath the patient for the full length of the exposure during their radiation therapy
(Cherry P., 1998).
As with other dosimeters it is necessary to understand how the film’s response changes as a
function of irradiated energy; this is called energy dependence. Fig. 1.4.3 illustrates the
energy dependence of radiographic film for a range of photon energies. It can be seen that the
film varies in sensitivity of up to 48% between photon energies of 0.04MeV and 0.3MeV. For
an explanation of energy dependence see page 13.

Fig. 1.4.3 Energy dependence across a range of photon energies for radiographic film
(Mayles P., 2007).
Radiochromic film
Radiochromic film was originally produced for industrial applications and consequently had
a dose range higher (approximately 50Gy to 2500Gy) than that needed for radiotherapy
applications (Devic S. et. al., 2005). More recently a type of radiochromic film called
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Gafchromic (ISP, 2009) was released for use in conjunction with External Beam Therapy
(EBT) (Fiandra C. et. al., 2006). The name Gafchromic stems from the GAF Materials
Corporation which produced specialty chemicals used in Gafchromic film, this company was
later renamed International Specialty Products (ISP, 2009).
Radiochromic film is superior to silver halide film as it is insensitive to visible light, has a
flatter energy response and is self developing due to the presence of radiosensitive chemicals
(Shani, 2001). The self developing nature of the radiochromic film eliminates the process of
chemical developing and the need for dark room facilities. The developing process used for
radiographic film had associated uncertainties when determining the optical density; thus by
using a self developing film these uncertainties are not introduced. Silver halide films were
extensively used in the past, however its high atomic number caused non-water equivalence
and a high energy dependence; this was one reason radiochromic film use has become more
appealing (Battum L. J., 2008).
Radiochromic film is transparent with the fundamental property of changing colour upon
being irradiated with ionising radiation (Mayles P., 2007). The colour change occurs during a
polymerisation process which forms a dye (Nirooman-Rad A. et. al., 1998). Prior to
irradiation the Gafchromic EBT film appears to be a light blue colour, after exposure to
ionising radiation and ultraviolet light it transforms to a dark blue colour. The amount of
absorbed dose in the film is proportional to the amount of density change within the film
(Jayaraman S., 2004).
There are a range of models of radiochromic films available for dose measurements, these
include HD-810, DM-1260, MD-55, XR and HS (Battum L. J., 2008), (Devic S. et. al.,
2005). It has been reported that some of these models have an inhomogeneous response as
well as being relatively insensitive and have a slow post exposure growth of optical density
when compared with the Gafchromic EBT model (Martisikova M., 2008). The post exposure
growth of the EBT model has been found to stabilise within 1% in the first six hours.
The dose range of a model of film is directly dependent upon its sensitive layer. A thick
sensitive layer allows the film to detect smaller absorbed doses. Gafchromic film has a dose
range of 0.01 to 8 Gy, which makes it ideal for use in dose verification during routine
Intensity Modulated Radiation Therapy (IMRT) where there are many areas of low dosage
and high dose gradients (Martisikova M., 2008).
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The Gafchromic EBT model has two active (sensitive) layers separated by a surface layer as
illustrated in Fig. 1.4.4. The two active layers allow the EBT model to be more sensitive than
preceding models. The active layers within the film consist of ‘needle like polymers’: the
needles generally run parallel with the short side of the film (Saur S., 2008).

Fig. 1.4.4 The cross section of Gafchromic EBT film (Devic S. et. al., 2005).

Butson et. al. (Butson M. J., Cheung T., Yu P. K. N., 2005) has extensively characterised the
wavelength absorbance of Gafchromic EBT film. The absorption spectrum of radiochromic
film displays peaks at 585 nm and 636 nm (Butson M. J., Cheung T., Yu P. K. N., 2005), the
peaks are apparent in Fig. 1.4.5. Both of these wavelengths correspond to the red part of the
visible spectrum, by only analysing the red channel the sensitivity of the image is increased
(Devic S. et. al., 2005). Fig. 1.4.5 reveals that the High Sensitivity (HS) model needs to be
irradiated ten times more than the EBT model to have the same level of absorbance,
indicating that the EBT model is ten times more sensitive.

12

Fig. 1.4.5 Absorption Spectra of Gafchromic EBT film compared with the HS and MD
film (Butson M. J., Cheung T., Yu P. K. N., 2005)

Digitising film increases the ability to analyse the images with various types of image
software (Chen S. K., 1997). The principle behind digitising an image is based on measuring
the amount of light that is transmitted through the film. A light is positioned on one side of
the film and a charged coupled detector (CCD) array on the other which measures the amount
of light transmitted; this process is illustrated in Fig. 1.4.6. This gives rise to a pixel value. It
should be noted that not all films are transparent, for films that are not transparent the scanner
can be operated in reflectance mode.
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Fig. 1.4.6 Converting film to a digital image (Hasegawa, 1991).
Various types of scanners used to measure Gafchromic EBT film include flat bed scanners,
roller based scanners and single point LED scanners otherwise known as densitometers. Flat
bed scanners employ a CCD array which moves along the film while the film remains
stationary whereas roller based scanner has a stationary CCD array which measures the
transmitted light intensity as the film is moved through the scanner (Chen S. K., 1997). A
densitometer operates by using a single LED coupled with a photocell. The film is placed
between the two devices and the system can either measure a profile across the film or the
density at a single point (Bushberg, 2002). Fig. 1.4.6 contains a diagram illustrating the
workings of a densitometer. The drawback of using a densitometer is that acquiring the
density is a slow process and a whole image cannot be acquired.
Due to the light scattering properties of the EBT film the image quality is reduced when using
a roller based scanner. This is because the film bends during motion through the rollers
(Wilcox E. E., Daskalov G. M.,, 2007). Therefore a flat bed scanner, where the film lays
stationary is the choice for EBT film (Ferreira B. C., 2009).
Gafchromic EBT film has a composition of H (39.7%), C(42.3%), O(16.2%), N(1.1%),
Li(0.3%) and Cl(0.3%) (Fiandra C. et. al., 2006). The EBT film model has an effective
atomic number of 6.98 which is close to human tissue at 7.3. Interactions of ionising radiation
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with matter is dependent upon its electron density and therefore its effective atomic number,
using a detector with a similar atomic number to human tissue will allow for a similar amount
of dose being absorbed by the film as the tissue. A lower atomic number of the radiosensitive
components reduces the energy dependence (Chelminski, 2010). Past film types such as EDR
have a high atomic number, thus have a high energy dependence and subsequently require
more extensive calculations to determine the equivalent absorbed dose to human tissue
(Battum L. J., 2008).
The sensitometric curve for the EBT model is described by Equation 1.3 taken from Battum
(Battum L. J., 2008), where OD represents the optical density of the film, D is the dose level
with which the film has been irradiated and c 1 and c 2 are constants calculated by a program
such as MATLAB when a function is fitted to the raw data points.
𝑂𝐷 =

𝑐1

𝑐
2( 2 )
𝑐1

𝑐

{1 − 𝑒𝑥𝑝 �−2 �𝑐1 � 𝐷�} ∙
2

(1.3)

Fig. 1.4.7 illustrates the relation between optical density and dose for a number of batches of
Gafchromic EBT film. It can be seen that there is a variation between batches and as the dose
increases, so too does the variation in optical density.

Fig. 1.4.7 Sensitometric curves for 12 batches of Gafchromic EBT film (Battum L. J., et.
al., 2008)
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It was reported by task group 55 (Nirooman-Rad A. et. al., 1998) that in the region of photon
energies between 60kV and 4MV the sensitivity decreases for radiochromic film by
approximately 30%. Task group 55 predated the release of the radiochromic EBT film, the
radiochromic film investigated in the report were less sensitive to kV x-rays than the EBT
film. This is a drawback for using the film on superficial treatment verification but may not
compromise the verification of IMRT treatment as it employs predominately MV energies
with just small kV spectral components.
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2
2.1

Characterisation of the Flat-Bed Scanner

Introduction

It is important to know the limitations and properties of the scanner used to perform the
readout of the film. Properties of the scanner include the uniformity of the light field on the
scanner plate and how the resolution affects the quality of the image. With this specific type
of Gafchromic film the response of the film is dependent upon its orientation when scanning,
thus the difference between the two orientations needs to be quantified. Once the scanner has
been characterised the film measurements can be performed with a higher level of accuracy.
2.2

Digitising the Film Image

The scanner used in this study is the Epson Expression 10000XL (Epson, 2009) which is an
A3 size flat bed scanner with the capabilities of digitising film using either transmission or
reflectance mode. The scanner employs a Xenon fluorescent lamp and has an alternative 6
line CCD. The maximum native resolution is 2400dpi and can produce a 48bit RGB image.
To ensure accurate film readings with a flat bed scanner it is necessary to implement a
reproducible method, i.e. a protocol, when scanning the film (Ferreira B. C., 2009). In doing
so the scanner needs to be characterised in terms of lamp heating time, the location of dead
pixels, the light scattering effect in the horizontal and vertical directions and the polarisation
effect of the film.
The polarisation effect refers to the change in the measured response depending on the
orientation of the film with respect to the scanner bed. This effect is due to the light source
within the scanner scattering off the polymer chains within the active layer of the Gafchromic
film.
The two possible orientations in which the film can be positioned are landscape and portrait.
Landscape orientation is when the film is placed so that the light within the scanner passes
along the shortest axis of the sheet of film. Portrait orientation is the positioning of the film so
that it is rotated 90ᵒ with respect to the landscape orientation (Martisikova M., 2008). The
two orientations are illustrated in Fig. 2.2.1.
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Fig. 2.2.1 Portrait and landscape orientation (Saur S., Frengen J., 2008).
When comparing the portrait with the landscape orientation the light scatters differently as a
consequence of the polymer chains alignment (Zeiden O. A. et. al., 2006).
In a study by Zeiden (Zeiden O. A. et. al., 2006) it was found that the optical density values
varied by almost 50% by changing the orientation of the film, Fig. 2.2.2. The article suggests
maintaining the same orientation during irradiation and readout of the film and throughout all
experiments to easily compare results. This orientation effect was characterised for EBT film,
for EBT2 film a similar effect is likely.

Fig. 2.2.2 The relative optical density for portrait and landscape orientations for
Gafchromic EBT film (Zeiden O. A. et. al., 2006).

It was reported by Butson et. al. that the polymer chains were not aligned completely parallel
with either axis of the film, it was also noted that there could be local variations within a
sheet of film (Butson M. J., Cheung T., Yu P. K. N., 2009).
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It has been noted that flat bed scanners give non-uniform measurements across the area of the
scanner bed due to the lamp fixed to the CCD array. This non-uniformity mostly affects the
edges perpendicular to the scan direction of the scanner bed (Martisikova M., Ackermann B.,
Jakel O, 2008). The non uniformity of the light field is illustrated in Fig. 2.2.3. Other causes
of the reduced sensitivity include light leakage at the edges of the scanner and the external
detectors being less responsive (Ferreira B. C., Lopes M. C., Capela M., 2009).

Fig. 2.2.3 The non-uniformity of the light field within the flat-bed scanner (Fiandra C.
et. al., 2006).

In a study by Martisikova (Martisikova M., 2008) it was demonstrated that across the scan
direction there was more of a deviation in uniformity than along the scan direction. In the
parallel direction to the CCD array the uniformity deviates by up to 4% whereas in the
perpendicular direction to the CCD array the deviation is around 1%, as shown in Fig. 2.2.4.
These findings are consistent with the hypothesis that the lamp creates a non uniform field as
it travels with the CCD array.

19

Fig. 2.2.4 Plot of deviation from the response in the middle of the scanner for both
parallel and perpendicular scan directions using the Epson Expression 10000XL
(Martisikova M., 2008)

It was suggested that to combat the light scattering effect the film to be scanned should be
placed in the centre of the bed to avoid areas of non-uniformity (Martisikova M., 2008). In
cases where the film is larger than the middle area, corrections can be made to the outer
areas. A common practice is to place a template with window ‘cut-outs’ on the scanner bed to
allow for the film to be placed in reproducible locations. If the location of the film is recorded
corrections can then be made from the non-uniformity map generated of the scanner bed
(Saur S., 2008). This technique helps ensure a greater reproducibility of results.
It is difficult to place film pieces on the scanner bed in precisely the same location every
time, thus repositionable accuracy needs to be investigated to determine if extra measures
should be introduced to ensure the readings are not compromised by the changes in the
polarisation effect between the slightly different positions.
Scanner Warm-Up Time
The time it takes for the lamp to warm up is appreciable as it affects the pixel values of the
initial scans (Martisikova M., 2008). In the study conducted by Martisikova it was found that
there was a decrease in dose measurements for the first three scans, this decrease was more
pronounced in films which had been irradiated to higher doses.
In the article by Ferreira(Ferreira B. C., Lopes M. C., Capela M., 2009) it was determined
that the lamp took 5 to 8 scans to stabilise; this can be seen in Fig. 2.2.5. It was recommended
that the first seven scans should be discarded to order to improve the accuracy of the scan.
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Fig. 2.2.5 Lamp heating time for the Epson Expression 10000XL for a range of
irradiated film levels (Ferreira B. C., 2009)

When conducting experiments it is therefore beneficial to take several scans and discard at
least the first three, record the mean and perform a calculation of the standard deviation. The
standard deviation gives an indication of how the results vary from the average. This
procedure is also performed when digitising film to reduce the impact of noise within the
scanner (Devic S. et. al., 2005). In the article by Ferreira (Ferreira B. C., 2009) it was
determined that averaging four scans had less uncertainty than averaging over 2, 8 or 16
scans. In Devic et. al (Devic S. et. al., 2005) it was suggested that an average should be taken
over 5 scans.
The standard practice of correcting for dead pixels involves performing blank scans five
times to identify and locate the defective pixels. The pixel value of a blank scan should be
approximately 216 as the light reaching the detectors is at its highest intensity (Devic S. et. al.,
2005).
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2.3

Aim

To investigate the effect of film darkening due to repetitive scanning, the effect of resolution
on the readout of the film and the uniformity of the light field on the scanner plate. It is also
necessary to determine the repositionable accuracy of the film when placing it on the scanner
plate to reduce uncertainties associated with the non uniformity of the light field.
2.4

Method

Repositioning Accuracy
Three sheets of EBT and EBT2 were irradiated to 250cGy using a 6MV beam and a
40cm×40cm field. The film was placed at a depth of 10 cm in a water tank with an SSD of
100cm, as shown in Fig. 2.4.1.

Fig 2.4.1 The placement of the film in the water tank.

After waiting 48 hours for post irradiation polymerisation the films were scanned on the
Epson Expression 10000XL. The films were scanned ten times and after each scan the film
was removed and replaced as closely as possible by visual inspection to the previous position.
In an attempt to increase the repositioning accuracy of the film a ruler was taped across the
scanner plate as shown in Fig. 2.4.2.
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Fig. 2.4.2 The placement of a piece of EBT2 film on the scanner plate

The scanner resolution was set to 72 dots per inch, thus the distance between each pixel and
consequently the minimum distance of measurement is 0.35mm.
To analyse how far each position deviated, the image J software was employed to find the
coordinates in pixels of the top left corner of each of the square pieces of film. Equation 2.1
was used to compute a radial pixel location. The average radial location was regarded as the
zero location. A frequency histogram was then used to plot the distribution of the various
locations in which the film corners were placed.

Radial Position (pixels) = x 2 + y 2 •

(2.1)

Scanner Uniformity
The scanner uniformity of the Epson Perfection V700 and the Epson Expression 10000XL
were compared to ascertain whether the use of the larger 10000XL yielded more accurate
measurements.
The Epson Perfection V700 scanner (Epson, 2009) is an A4 flat-bed scanner which uses a
white cathode fluorescent lamp IR LED as its light source and a matrix CCD with a micro
lens as its detector. The scanner in this study is used in 48 RGB mode.
For the Epson Perfection V700 7 pieces of EBT film were irradiated to dose levels to 0cGy
(unexposed), 50cGy, 150cGy and 250 cGy using a 6MV beam at 10cm depth with a
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10cm×10cm field size. Following irradiation the film was left for two days to allow for post
irradiation growth before scanning. In total there were 28 pieces of film. A template was
taped to the scanner plate which contained 7 rows and columns of small rectangular holes.
Each piece of film was numbered. Each window of the template was scanned with a piece of
film from each dose level. The film was scanned using a 48bit RGB image in landscape
orientation and the red channel analysed. The pixel values across the rows and down the
columns could then be plotted for each dose level. The normalised pixel value was plotted as
a function of distance in the direction parallel and perpendicular to the CCD array.
To acquire the deviation in uniformity across the scanner bed due to the non uniform light
field of the Epson Expression 10000XL, pieces of EBT2 were exposed to 200cGy and placed
in columns across the scanner plate. The films were scanned 5 times in landscape orientation
and the first two discarded due to lamp heat up time. The pixel value was measured on each
piece of film using the red channel and its position on the scanned plate recorded. An average
profile across each of the rows and columns was calculated. The normalised pixel value was
plotted as a function of distance in the direction parallel and perpendicular to the CCD array.
Landscape vs. Portrait Orientation
To evaluate whether the portrait or landscape orientation was more optimal for use, scans
were performed using the Epson Expression 10000XL with the film in both orientations.
Forty-two pieces of film from both a batch of EBT and EBT2 were cut into small rectangles
and irradiated with a 10MV beam to dose levels ranging from 0cGy (unexposed) to 1600cGy
with three piece of film for each dose level so as to minimise error by averaging over the
three pieces.
The pieces of film were placed in the middle of the scanner as the periphery could introduce
error due to the light scattering effect. Each piece of film was scanned 5 times in transmission
mode and the first two discarded due to the heat up time of the scanner. An average was
taken over the last three and an ROI of 9x9 pixels was used to obtain a pixel value.
The pixel value of the film for the red channel for EBT and EBT2 were converted into net
optical density (netOD) by use of Equation 2.2 (Devic S. et. al., 2005). A graph of net optical
density as a function of dose was plotted for EBT and EBT2 film in both landscape and
portrait orientations.
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In equation 2.2 the netOD is related to the pixel value of the unexposed piece of film (I unexp ),
the background pixel value (I bckg ) and the pixel value of the exposed film (I exp ). The
background pixel value was determined by scanning in transmission mode with the bed
covered with an opaque covering to prevent light transmission.
Film Darkening
The effects of film darkening due to scanning was investigated for both EBT and EBT2 film.
This was carried out by sampling 12 rectangles (of approximate size 25mm×20mm) cut from
both EBT and EBT2 film sheets. The 12 rectangles were split into groups of three and each
were irradiated to dose levels of 0cGy (unexposed), 50cGy and 200cGy using a 10cm × 10cm
field size and a 6MV beam at 100cm SSD. The film was placed at dmax in solid water. After
waiting 48hours for the post irradiation polymerisation process 100 scans were performed of
each film. To monitor the scanners performance a calibration strip was placed within the
scanning region. When reading out the film the samples were placed in centre of scanner and
scanned in transmission mode using a 48bit RGB image. In Image J a 9x9 pixel ROI was
measured at the centre of each rectangular piece of film in the red channel. The pixel value
was converted to net optical density by use of Equation 2.2. A graph was plotted of number
of scans versus net optical density. A trend line used to find average darkening due to a single
scan.
Resolution
Three sheets of EBT and EBT2 were irradiated to 250cGy using a 6MV beam and a
40cm×40cm field. The film was placed at a depth of 10 cm in solid water with an SSD of
90cm. After waiting 48 hours for post irradiation polymerisation the films were scanned on
the Epson Expression 10000XL. The films were scanned five times each at scanner
resolutions of 50dpi, 72dpi, 96dpi and 200dpi. The last three scans were averaged and the red
channel considered. The resolution was plotted as a function of pixel value for both the EBT
and EBT2 film on the same graph to allow for an easy comparison.
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2.5

Results and Discussion

Repositioning Accuracy
In total the 6 sheets of film were repositioned 60 times on the scanner plate. The variations in
radial position of the top left corner of each piece of film were plotted using a frequency
histogram, as shown in Fig. 2.5.1.
Repositional Accuracy
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Fig. 2.5.1 The repositioning accuracy of film placed on the Epson Expression 10000XL
scanner plate
The results shown in Fig. 2.5.1 indicate that the maximum variation between the
repositioning of the film was within a radial distance of 1.1mm of the mean position.
Scanner Uniformity
The uniformity was plotted in both the parallel and perpendicular direction with respect to the
light source within the Epson Perfection V700 scanner and Epson Expression 10000XL Fig.
2.5.2 illustrates the parallel and perpendicular directions with respect to both scanner beds.
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Fig. 2.5.2 The Epson Perfection V700 and Epson Expression 10000XL desk top scanners
used in these experiments.

For the Epson Perfection V700 the results are shown in Fig. 2.5.3. The columns were
averaged to form a profile parallel to the light source in part (a) and rows of the plastic
template were averaged to form a profile perpendicular to the light source, shown in part (b)
In both cases the central pixel value was normalised to 1 and the error bars denote the
standard deviation between the columns or rows which were averaged.
For the Epson Expression 10000XL the results are shown in Fig. 2.5.4. In part (a) the profile
averages across many rows of film to form a profile parallel to the direction of the light
source, in part (b) the profile averages across many columns of film to form a profile
perpendicular to the direction of the light source. The error bars denote the standard deviation
of the films that were averaged.
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Scanner Uniformity Profile Parallel to Light Source
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Scanner Uniformity Profile Perpendicular to Light Source
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Fig. 2.5.3 The uniformity profile in the (a) parallel and (b) perpendicular direction to
the light source for the Epson Perfection V700 the uniformity was plotted using films
exposed to 0cGy, 50cGy, 150cGy and 250cGy.
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Scanner Uniformity Profile Parallel to CCD Array
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Scanner Uniformity Profile Perpendicular to CCD Array
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Fig. 2.5.4 The uniformity profile in the (a) parallel and (b) perpendicular direction to
the CCD array for the Epson Expression 10000XL
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It was found that for the Epson Perfection V700 there was a deviation in uniformity caused
by the motion of the CCD array. It was found that the edges deviated by approximately 4%
whereas in the perpendicular direction to the CCD motion there was a deviation of
approximately 7%. This is evident in Fig. 2.5.3 (a) and (b). The greater non-uniformity in the
parallel direction is caused by the light source having less intensity at the ends. A way to
minimise the effects due to the non uniformity of the light field is to use only the central
portion of the scanner to correct for the light field by use of the uniformity plots.
The profile of the Epson Expression 10000XL scanner bed in the direction perpendicular to
the CCD array as shown in Fig. 2.5.4 (b) is more uniform than the parallel direction. The
perpendicular direction deviates in uniformity by less than 1% whereas the parallel direction
has decrease in uniformity of up to 6% towards the edges of the CCD array. This is consistent
with findings from Devic et al. (Devic S. et. al., 2005) where it was determined that when
using the Epson Expression 10000XL scanner the scanner bed periphery needed to be
corrected by up to 5%.
Landscape vs. Portrait Orientation
Calibration curves were plotted for EBT and EBT2 film in both the portrait and landscape
orientations.
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Landscape and Portrait Orientations for EBT and EBT2 Film
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Fig. 2.5.5 Sensitometric curves for both EBT and EBT2 in landscape and portrait
orientations (Epson 10000XL, red channel).

In Fig. 2.5.5 the net optical density was plotted for EBT and EBT2 for a range of dose levels
with the film in both the landscape and portrait orientations. It is evident that the difference
between portrait and landscape orientation is equivalent to approximately 50cGy.
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Film Darkening
The net optical density was plotted against the scan number for 100 scans and an average
trendline was fitted to the data for both EBT and EBT2 film which was exposed to 50cGy
and 200cGy as well as 0cGy (unexposed). It is evident from the plots that there are
fluctuations in the readings from one scan to the next, making it difficult to obtain an exact
value of darkening caused by a single scan. By fitting a trendline that follows the average of
the data the amount of darkening for EBT and EBT2 film could be compared by observing
the gradient.
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Fig. 2.5.6 Darkening due to repetitive scanning (a) EBT 0cGy, (b) EBT2 0cGy, (c) EBT
50cGy, (d) EBT2 50cGy, (e) EBT 200cGy, (f) EBT2 200 cGy

It can be seen in Fig. 2.5.6 that in each of the plots the initial four scans fluctuated from the
darkening curve; this was attributed to the heating of the scanner lamp. The gradient of each
of the darkening curves was tabulated in Table 2.5.1.
Table 2.5.1 Darkening comparison of Gafchromic EBT and EBT2 film.

Film
type

Dose
(cGy)

Gradient

Equivalent
dose for
10scans
(cGy)

EBT

0

2×10-05

0.1

0

-06

0.06

-05

EBT2

9×10

EBT

50

3×10

0.15

EBT2

50

3×10-05

0.25

-05

0.34

-05

0.49

EBT
EBT2

200
200

3×10
4×10
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It is evident from Table 2.5.1 that the amount of darkening caused by repetitive scanning is
minimal, i.e. less than a 0.5cGy increase in dose for ten successive scans. It is apparent that
the films which darkened the most were the films pre-irradiated to 200cGy, due to the film
already commencing the polymerisation process (Paelinck L., De Neve W., De Wagtner C.,
2007). The results also indicate that there is not a large difference in darkening between EBT
and EBT2 film irradiated to the same dose level.

Scanner Resolution
The pixel value and standard deviation was measured for EBT and EBT2 film irradiated to
250cGy and scanned at resolutions of 50dpi, 72dpi, 96dpi and 200dpi. The same area region
of interest was used to determine the pixel value of each film. The results are shown in Table
2.5.2.
Table 2.5.2 Effects of scanner resolution on the image quality.

Resolution
50
72
96
200

EBT
Pixel Value
25940.6
25892.9
26101.3
26128.5

S.D. (%)
1.46
1.35
1.44
1.71

EBT2
Pixel Value
35081.1
35022.8
35180.6
35209

S.D. (%)
0.97
0.93
1.08
1.19

It is evident that as the resolution increases the pixel value increases and so too does the
noise. The noise here is a combination of scanner noise and film noise. The mean pixel value
is lowest at 72dpi, this resolution also gives the lowest standard deviation.
2.6

Conclusion

In this section some of the scanner dependent properties of film dosimetry were investigated,
in particular repositioning accuracy, scanner uniformity, landscape vs. portrait orientation, the
darkening effect of the lamp and the optimal resolution. These properties are dependent upon
the specific type of scanner and should be independently verified.
Repositioning Accuracy
The results indicate that the variation between the repositioning of the film was within a
radial distance of 1.1mm of the mean position. It is important to maintain the scan positioning
of the film as during calibration as the non-uniformity of the scanner can play a large role in
incorrect readings.
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Scanner Uniformity
The uniformity of the scanner plate caused by the light scattering effect was measured for
both the Epson Perfection V700 and the Epson Expression 10000XL.
It was found that for both the V700 and 10000XL scanners film there was a non-uniformity
in the direction parallel to the CCD array of 7% for the Epson Perfection V700 and 6% for
the Epson Expression 10000XL.
These results suggest that only the central region of the scanner plate should be used when
performing a read-out of the film. An alternative to this is to acquire a two dimensional
uniformity map of the scanner plate and record the location of the film being scanned so a
correction can then be applied.
In the Epson Expression 10000XL the lamp travels perpendicular to the long axis of the
scanner plate which is opposite to the Epson Perfection V700. Therefore it is important to
know which way light source moves within scanner.
Landscape vs. Portrait Orientation
It was verified that the net optical density of the film was dependent upon the orientation of
the film with respect to the motion of the CCD array, due to the polymer structure within the
film.
It was found that the portrait orientation is more sensitive in both the EBT and EBT2 film as
the net optical density value is higher at all dose levels. At a net optical density of 0.2 it is
evident that the difference between portrait and landscape orientation is 50cGy. This is quite
significant as it is in the clinical dose range and could introduce large errors if the calibration
of the film was scanned in one orientation and the film read-out was performed in another. In
one study (Butson M. J., Cheung T., Yu P. K. N., 2009) it was determined that for EBT film
when irradiated to 500cGy the net optical density values increased by up to 100% depending
upon the orientation.
Therefore it is necessary to use the film in the same orientation every time a read-out is
performed as well as acquiring the dose calibration in the same orientation. To ensure the
orientation of the film is known, the film should be marked prior to cutting.
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Film Darkening
The amount of darkening of the EBT and EBT2 film was quantified for 100 successive scans.
It is evident from Table 2.5.1 that the amount of darkening caused by repetitive scanning is
minimal and is no different for EBT and EBT2 film. In a paper by ISP (ISP, 2009) it is stated
that the EBT2 film is 10 times less sensitive to white light than EBT film, this is not contrary
to the findings here as a Xenon lamp is present in the scanner.
The results here indicates that no corrections need to be made for films which have been
scanned multiple times. It was also found that the initial three scans fluctuated from the
darkening curve; this was attributed to the heating of the scanner lamp, hence it is
recommended that the first three scans should be discarded. These findings are consistent
with those found by Paelinck et. al. (Paelinck L., De Neve W., De Wagtner C., 2007), where
it was determined that the first scan should be discarded due to warm up effects of the
scanner lamp.
Resolution
The impact of scanner resolution on the film read-out was investigated. It was found that less
noise was present at a scanner resolution of 72dpi. These findings are consistent with a study
conducted by Ferreira et. al (Ferreira B. C., 2009) where it was suggested that the optimal
resolution was 75dpi as it was a balance between a good resolution and the amount of noise
present.
Therefore when digitising images it is usually unnecessary to use high resolutions when
scanning, it is perhaps more beneficial to use a resolution around 72dpi due to the time saved
when performing a scan, the reduced amount of noise present and the smaller file size
required for storing the image data.
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3
3.1

Gafchromic EBT2 Film

Introduction

The latest version of Gafchromic EBT film called EBT2 (ISP, 2009) was released during
2009 as EBT film was to be no longer available. It was necessary to characterise this new
film to ensure dose measurement accuracy similar to EBT could be obtained. Film
characterisation usually involves obtaining sensitometric curves which then act as a
calibration when films are analysed with software to provide a map of absolute dose
deposition.
Characterisation also involves investigating the films energy dependence and an analysis of
the absorption spectra which gives information on the wavelength and quantity of light that
the film absorbs. This information is useful as it indicates which wavelength is most readily
absorbed by the film. As a result the most sensitive wavelength can be used for analysis.
The effects of exposure of the film to ambient room light over a period of time and the effects
of cutting the film ensure that both the film is handled correctly and that no readings are
performed too close to the edges of cut pieces of film. The uniformity of the film is another
important property which needs to be investigated to determine the accuracy of dose
determination when using the film
3.2

Comparison of EBT and EBT2 film

The most apparent difference between EBT2 and the previous model is that it utilises a
yellow dye within the active layer of the film, the film transforms from a light yellow colour,
to a strong yellow colour followed by dark green with increasing dose. EBT2 is believed to
be superior to EBT as it less sensitive to ambient room light and the film does not suffer from
as much damage when cut (ISP, 2009).
Unlike the EBT model, EBT2 contains only one active layer which is situated closer to one
surface than the other, illustrated in Fig. 3.2.1. The polyester over-laminate and substrate is
designed as a protective coating which also slows the diffusion of water (ISP, 2009). This
allows the film to be submerged in water with little penetration.
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Fig. 3.2.1 A comparison of EBT and EBT2 film
3.3

Aim

To acquire the sensitometric curve for the new EBT2 film for different beam energies as well
as comparing some of its properties with the older version of film (EBT). The properties
include energy dependence, sensitivity to ambient light, uniformity and absorbance spectra. It
is also necessary to investigate the damage caused to the film by various cutting methods to
discern the amount caused by each.
3.4

Method

Sensitometric Curves
Forty-Two pieces of EBT and EBT2 were cut into small rectangles and irradiated to dose
levels ranging from 0cGy (unexposed) to 1600cGy with three piece of film for each dose
level so as to minimise error by averaging over the three pieces. The machine output was
monitored to exclude dose uncertainties from the results. The film was read-out 48hours after
exposure to allow for post-irradiation growth.
The pieces of film were placed in the middle of the scanner as the periphery could introduce
error due to the non uniformity of the light field. Each piece of film was scanned 5 times and
the first two discarded due to the warm-up time of the scanner. An average was taken over
the last three scans and an ROI of 9x9 pixels was used to obtain a pixel value.
The pixel value of the film in the red for EBT and EBT2 were converted into net optical
density by use of Equation 2.2 from Devic (Devic S. et. al., 2005).
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Energy Dependence
To investigate the energy dependence of the EBT and EBT2 Gafchromic film both an
orthovoltage unit and linear accelerator were employed to provide a range of photon energies.
A total of 27 pieces of EBT and EBT2 film were exposed to 2Gy at dmax using 9 beam
energies varying between 50kVp and 10MV. Three pieces of both film types were irradiated
with each of the beam energies. The film was read-out 48hours after exposure to allow for
post-irradiation growth. The film was scanned using the Epson Expression 10000XL and the
red channel analysed. A 9x9 pixel ROI was used to measure the pixel value. The pixel value
was then converted to net optical density. A graph of beam energy versus the normalised net
optical density was plotted.
Film Uniformity
To accurately quantify the film uniformity three sheets of film from both EBT and EBT2
batches were exposed to 250cGy in a 40cm×40cm field at a depth of 10cm in a water tank.
Both the inplane and crossplane profiles were independently measured at 10cm depth using
an ionisation chamber in a water tank setup.
The film was scanned using the Epson Expression 10000XL using a resolution of 72dpi and
48bit RGB image. The films were scanned in both landscape and portrait orientations and
measures were taken to ensure reproducible alignment of the film on the scanner bed. The red
channel only was analysed. Profiles were taken using the image J software (NIH, 1997) in the
inplane and crossplane direction using a rectangle with the same width as the sheet of film
and a height of 0.3cm. The profiles were corrected for the non-uniformity of the light field.
The profiles from the film and ionisation chamber were compared.
Light Sensitivity
The ISP (ISP, 2009) claims that the EBT2 film has a reduced light sensitivity in comparison
to the earlier EBT film. To quantify the reduced sensitivity both films were exposed to
ambient room light. Prior to this, 21 pieces of film of EBT and EBT2 were exposed to 50cGy
while another 21 pieces of both EBT and EBT2 film were left unexposed. Exposed films
were compared with unexposed films, this is because exposed films have already started the
polymerisation process and it would be expected that they would darken at a different rate to
unexposed films (Paelinck L., De Neve W., De Wagtner C., 2007).
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All films were scanned after irradiation and the positions of each of the film pieces recorded.
The pieces of film were then placed in ambient room light. After 24 hours three pieces of
EBT and EBT2 film of both the 0cGy and 50cGy dose levels were selected and scanned in
the same position as they were in the initial scan. This was then repeated on day 2, 5, 11, 20
and 50. The net optical density was then plotted against days after the initial scan.

Fig. 3.4.1 A scan of the placement of film pieces on the scanner bed
The theory behind scanning the pieces of film in the same place on the scanner bed allows for
elimination of the non uniform light field as the net optical density is calculated relative to the
initial scan.
The method of correctly positioning the pieces of film can be seen in Fig. 3.4.1. The template
was secured to the scanner to allow the same placement of film throughout the process. The
calibration strip which was fixed to the scanner can be seen to the right of the image. This
enables the performance of the scanner to be monitored.
Cut Film
To investigate the amount of damage caused to the edges of film post cutting was
investigated using various common cutting utensils that might be used with film. Two strips
of rectangular film (10cm×3cm) were irradiated to 2Gy in 10cm of solid water at 90cm SSD.
The film was scanned in landscape mode and then cut into squares using a guillotine, scalpel,
scissors and a box cutter. The film pieces were then placed together and scanned again using
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a 48bit RGB image. A profile was taken across the strips of film in the red channel. The
scanned pieces of film are shown in Fig. 3.4.2.

Fig. 3.4.2 Pieces of film cut using (left to right) guillotine, scalpel, scissors and a box
cutter.

Absorbance Spectra
The Avaspec-2048 spectrometer (Avantes, 2008) was employed to measure the absorption
spectrum of the Gafchromic film. The spectrometer uses a halogen light and can measure
wavelengths in the range of 327nm to 1100nm at a resolution of 0.8nm.
A spectrometer works by acquiring light through a thin slit window and dispersing the
incoming light using a glass prism before being measured by the CCD array. The Avaspec2048 has a CCD array with 2048 pixels.
Gafchromic EBT and EBT2 film which had been exposed to 200cGy and unexposed film
were measured in reflectance mode with the spectrometer. The spectra were plotted on the
same graph with absorption in absorbance units on the y axis and wavelength on the x-axis.
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3.5

Results and Discussion

Sensitometric Curves
The net optical density was plotted as a function of dose for beam energies of 50kV, 100kV
and 10MV.
Sensitometric Curves for Varying Beam Energies
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Fig. 3.5.1 Sensitometric curves for EBT and EBT2 film irradiated with 50kV, 100kV
and 10MV photon beams.

It is evident in Fig. 3.5.1 that the EBT film curves reach higher net optical densities than the
EBT2 film curves when irradiated with the same dose. This suggests that the EBT film is
more sensitive than the EBT2 film. The higher sensitivity of EBT film is consistent with it
having a thicker sensitive layer of 34μm compared with 30μm in EBT2.
It is also evident from the results that the energy of the beam affects the optical density
suggesting that both EBT and EBT2 have energy dependence. From the sensitometric curves
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of EBT compared to EBT2 it is clear that the EBT2 film is up to 20% less sensitive than the
earlier EBT model.
It can be seen that the net optical density increases with energy for EBT film, however for
EBT2 film the effect is reversed with the lowest OD being for 10MV.
Energy Dependence
The normalised net optical density was plotted as a function of beam energy for EBT and
EBT2 film. The net optical density was normalised to the highest beam energy. Each data
point represents the average of multiple pieces of film irradiated with the same beam energy.
The error bars denote the standard deviation between the multiple films used at each data
point.

Energy Dependence
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Fig. 3.5.2 The energy dependence of EBT and EBT2 film

It is clear from Fig. 3.5.2 that at beam energies of less than 400kV both EBT and EBT2 film
have a varying response. EBT2 varies by approximately 5% and EBT varies by 20%. Above
400kV the film response is fairly uniform with EBT varying by 5% and EBT varying by
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around 2%. Thus it can be seen that the EBT2 film has less energy dependence than the EBT
film.
In a study by Fuss (Fuss M., et. al., 2007) it was found that there was no significant energy
dependence between 6MV and 25MV for the EBT film. Additionally in a paper by Butson et.
al. (Butson M. J., Cheung T., Yu P. K. N., 2006) it was determined that the energy
dependence in the range of 28kV to 18MV varied by less than 10%. The results presented
here show a greater variation of up to 20% for EBT below 400kV.
The difference could be attributed to the variation in chemical composition of the two films.
It was found in a study conducted by Lindsay P. at. al. (Lindsay P., et. al., 2010) that the
energy dependence of EBT and EBT2 film was directly related to its chemical composition
and thus its atomic number. They also found that the chemical composition can change
between batches of film; therefore users should independently verify the energy dependence
for the batch of film they use.
Film Uniformity
The inplane and crossplane profiles for a 6 MV beam using a 40cm×40cm field size were
plotted using data from both EBT and EBT2 film and an ionisation chamber. The film data
was corrected for the non-uniform light field within the scanner.
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Fig. 3.5.3 Beam profiles measured with an ionisation chamber and (a) EBT in landscape
orientation in the crossplane direction, (b) EBT in landscape orientation in the inplane
direction, (c) for EBT in portrait orientation in the crossplane direction, (d) EBT film in
portrait orientation in the inplane direction, (e) EBT2 film in landscape orientation in
the crossplane direction, (f) EBT2 film in landscape orientation in the inplane direction,
(g) EBT2 film in portrait orientation in the crossplane direction and (h) EBT2 film in
portrait orientation in the inplane direction.
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From a visual inspection of Fig. 3.5.3 it is evident that EBT film is more uniform and has less
noise than the newer EBT2 film, in some areas of the film, EBT2 varied in response by up to
8% whereas EBT was seen only to vary up to 3%. It is also apparent that for most cases the
landscape orientation is more uniform than the portrait orientation.
In one study, (Hartmann B., Martisikova M., Jakel O.,, 2010) it was found that for a single
piece of EBT2 film uniformly exposed the pixel value could vary by up to 3.7%.
It is therefore recommended that the EBT2 film should be scanned in landscape orientation
and that it should be scanned prior to use, to locate any areas of great non-uniformity
establish whether the film has adequate uniformity for its application. The recommended
procedure from the ISP (ISP, 2009) is to pre-scan the film to correct for variations. In the
paper by Devic (Devic S. et. al., 2005) it is recommended to pre-scan the film for use as a
background image.
Light Sensitivity
The normalised pixel value was plotted as a function of the number of days the film was left
exposed to room light. The pixel values were normalised to day 1 of the measurements. The
error bars represent the standard deviation between the pixel values of the number of films
measured at each data point.
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Fig. 3.5.4 The sensitivity of EBT and EBT2 film to ambient room light

Fig. 3.5.4 shows that the EBT2 film decreases in pixel value by approximately 20% less than
the EBT film. This finding verifies the International Specialty Products company (ISP, 2009)
claims that the new EBT2 film is less sensitive to light than the older EBT film. The film
which had been previously exposed is seen to darken by around 6% more than film which
was unexposed.
The darkening of EBT and EBT2 film in ambient room light over 50days was quantified in
terms of dose and tabulated in Table 3.5.1
Table 3.5.1 Equivalent change in dose over 50 days of EBT and EBT2 film
Change over 50
days

EBT 0cGy

EBT 50cGy

EBT2 0cGy

EBT2 50cGy

4.6Gy

4.8Gy

1.2Gy

1.9Gy

It can be seen from Table 3.5.1 that unexposed EBT increases in dose by close to 4 times
more than unexposed EBT2 film over 50days when left in ambient room light. It is also
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evident that the exposed EBT film increases in dose by 2.5 times than EBT2 film over
50days. It is thought that the ultraviolet light from the fluorescent bulb causes chemical
changes within the film (Paelinck L., De Neve W., De Wagtner C., 2007).
The EBT and EBT2 film that had been irradiated prior to room light exposure were more
sensitive to the ambient room light by around 4% and 37% respectively when measuring in
dose. Thus it can be concluded that previously exposing the film increases its ability to
darken in ambient room light. Unexposed film is less sensitive as the polymerisation process
has not yet begun (Lindsay P., et. al., 2010).
Cut Film
The profiles of the film after they had been pieced together as they were prior to cutting are
illustrated in Fig. 3.5.5. A rectangular profile with a width of 5mm was used to take a profile
across the cut pieces of film. The pixel value was converted into a net optical density value
by use of Equation 2.2.
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Fig. 3.5.5 Plot of impact due to cutting film using a (left to right) guillotine, scissors,
scalpel and a box-cutter (a) EBT film cut then irradiated, (b) EBT2 film cut then
irradiated, (c) EBT film irradiated then cut, (d) EBT2 film irradiated then cut.
At the location of the cut, the profile contains a peak due to the light penetrating through the
slit. The height of the peak is influenced by the accuracy of positioning the films together.
The films could have been positioned so that there was a slight overlap of underlap; as a
result if a large amount of light penetrates between the film pieces, the peak would be higher
and vice versa. Therefore the more important characteristic of interest is the width of each
peak.
It is clear from Fig. 3.5.5 that the greatest amount of damage to the film was caused by the
scissors and second by the box-cutter, the extent of the damage to the film measured
approximately 3mm and 2mm respectively from the line of incision. The scalpel and the
guillotine caused the least amount of damage which measured approximately 1mm for both.
In a study conducted by Yu. et. al. (Yu P. K. N., Butson M., Cheung T., 2006) it was found
that using scissors the propagation of damage could be up to 8mm from the line that was cut,
also the majority of scissor cuts only resulted in 1mm of damage. These findings are
consistent with the results found in this study.
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Absorbance Spectra
The absorbance spectra were plotted in absorbance units as a function of wavelength for both
unexposed and irradiated EBT and EBT2 film.
Absorbance Spectra
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Fig. 3.5.6 Absorbance Spectra for EBT and EBT2 film measured with Avantes
spectrometer.

It is apparent from the absorption spectra of EBT and EBT2 film, Fig. 3.5.6, that both EBT
and EBT2 have a large peak at approximately 630nm which corresponds to the red channel.
In the plot it can be seen that this peak increases after irradiation indicating that it absorbs red
light, thus the red channel is highly sensitive to radiation exposure. A large peak is present for
EBT2 around 440nm which is situated in the blue region. This blue peak increases a small
amount after exposure suggesting that it is less sensitive than the red channel. These peaks
are present at smaller wavelengths than the EBT model which was characterised by peaks at
610nm and 670nm (Devic S. et. al., 2005).
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An additional peak is present at approximately 580nm in both EBT and EBT2 after exposure
indicating that both films absorb green light during irradiation. The increase in the blue and
green peaks after exposure makes it possible to use either of these channels to read out the
film.
It is possible to analyse the film using the green or blue channel not just the red channel as
there are peaks apparent in the absorbance spectra in all red, green and blue colour channels
when the film is irradiated. It is recommended by International Specialty Products (ISP,
2009) that the blue and red channel both be used to analyse the film. They suggest that by
dividing the red channel by the blue channel any inhomogeneities present in the film due to
the manufacturing process will be eliminated. In an article by Devic et. al. (Devic S., et. al.,
2010) it is suggested that it would be beneficial to use the blue spectrum at doses greater than
50Gy.
The Epson Expression 10000XL scanner utilises a Xenon lamp as its light source. The Xenon
light spectrum is shown in Fig. 3.5.7. It can be seen from this spectrum that the green and
blue wavelengths are incident with the greatest intensity.

Fig. 3.5.7 The light spectrum from a Xenon lamp (Michael E., 2010)

The wavelength range of the red channel and green channel in the Epson Expression
10000XL are shown in Fig. 3.5.8. The range of the red and green channel here are
represented as band1 and band 2 respectively (Devic S., et. al., 2010). By examining the
57

range of the channels on the spectra it can be concluded that green covers a large portion of
the wavelength range of the scanner.

Fig. 3.5.8 The range of two colour channels in the Epson Expression 10000XL(Devic S.,
et. al., 2010)
3.6

Conclusion

Sensitometric Curves
Sensitometric curves for EBT2 were acquired for varying beam energies. It was found that
the EBT film is more sensitive than the EBT2 film. It is also evident from the results that the
energy of the beam affects the optical density suggesting that both EBT and EBT2 have an
energy dependence. From the sensitometric curves of EBT compared to EBT2 it is clear that
the EBT2 film is up to 20% less sensitive than the earlier EBT model.
Energy Dependence
The energy dependence of EBT and EBT2 film were investigated from 100kV to 10MV. It
was found that in the megavoltage range EBT varied in response by 5% and EBT2 varied by
2%. Thus it can be seen that the EBT2 film has less energy dependence than the EBT film. It
was also noted that the chemical composition of the film can change between batches and
thus users should independently verify the energy dependence for the batch of film they use.
Film Uniformity
The uniformity of Gafchromic EBT and EBT2 were compared in both the landscape and
portrait orientations, in some areas of the film, EBT2 varied in response by up to 8% whereas
EBT was seen only to vary up to 3%. It was evident that EBT film is more uniform and has
less noise than the newer EBT2 film. It is also apparent that for most cases the landscape
orientation is more uniform than the portrait orientation.
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It is therefore recommended that the EBT2 film should be scanned in landscape orientation
and that it should be scanned prior to use, locate any areas of great non-uniformity and to
establish whether the film has adequate uniformity for its application.
Light Sensitivity
The sensitivity of EBT and EBT2 film to ambient room light was investigated. It was verified
that EBT2 had a reduced amount of darkening when exposed to ambient room light. EBT was
found to have an apparent increase in dose by almost four times more than EBT2 film over a
period of 50 days exposed to ambient room light It was also found that film which has been
pre-irradiated when compared to unexposed film is less sensitive to ambient room light by
approximately 4% for EBT and 37% for EBT2. Film that has previously been exposed has
already commenced the polymerisation process causing it to darken at an increased rate when
exposed further.
Cut Film
The propagation of damage to the radiochromic film caused by various cutting techniques
was compared by plotting profiles of film which had been cut by various cutting utensils.
It was determined that using a guillotine provided the least amount of damage, the damage
range was approximately 1mm from the line of the incision. Therefore it is suggested that the
film user, when using a guillotine to resize film, dose not consider readings from regions of
film at 1mm proximity to the film edge.
Absorbance Spectra
The absorbance spectra were acquired for unexposed and exposed EBT and EBT2 film. Both
had a similar amount of absorbance of the red wavelength 630nm of the spectrum; however
EBT2 had an additional peak correlating to the blue wavelength 440nm of the spectrum. This
allows the EBT2 film to be analysed in both the red and blue channel. By dividing the red
channel measurement by the blue channel measurement any non-uniformities present in the
film due to the manufacturing process can be eliminated.
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4

Characterisation of EBT2 for use with Intensity Modulated Radiation Therapy
Verification

4.1

Introduction

Intensity Modulated Radiation therapy (IMRT) was first introduced 15 years ago and has
since has been a constantly evolving radiation therapy treatment technique (Chao, 2005).
The main objective of IMRT is to conform the dose to the tumour volume while minimizing
the dose to the surrounding critical structures. Additionally in radiation therapy the overall
treatment should conform to the dose plan with an uncertainty of less than 3.5% (Battum L.
J., 2008).
IMRT is a type of three dimensional conformal radiation therapy (3DCRT) (Sternick E. S.,
1997). The basic principle of this therapy is utilizing multiple external beams, each with nonuniform intensity, to irradiate a tumour. By using this method the target volume receives a
large amount of radiation due to the overlapping of the beam at this point as illustrated in Fig.
4.1.1. By having the increased ability of manipulating the beam, IMRT subsequently has a
reduced dose to the healthy surrounding tissue compared with conventional radiation therapy
(Chao, 2005). The key difference between IMRT and 3DRCT is that IMRT dose maps can
conform to re-entrant or concave target volume surfaces.

Fig. 4.1.1 An IMRT treatment plan for a prostate using five beams (AOC, 2008)
The beam in IMRT is modified using filters and wedges which conform the beam to a
specific shape with the additional capability of having areas of varying beam penetration. It is
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necessary to ensure that the beam is capable of penetrating to the desired depth and more
importantly to contain the maximum of the dose deposition within the target volume. The
beam modifiers create low energy scatter radiation as well as beam hardening caused by
attenuating low energy photons. Thus there may be a range of photon energies within the
beam making the energy dependence of the dosimeter an important property to characterise.
4.2

Gafchromic Film as a Verification for Intensity Modulated Radiation Therapy

A study similar to ICARIS was conducted in the United States at M. D. Anderson Cancer
Centre (Ibbott G. S., 2006) in an attempt to evaluate the accuracy of IMRT compared with
the treatment plans. The main objective of the M. D. Anderson study was to ensure centres
were delivering treatments that were similar and of the same standard as other centres. A
head and neck phantom which had inserts for the target and organs at risk, was sent to various
institutions that were to image, plan and treat the phantom. The phantom contained film and
TLD’s to record the dose deposited to various regions of interest. Many cooperative centres
participated in the study and it was determined that a third of these centres failed to meet the
criteria. The criteria consisted of having the measured dose to the dose prescribed by the
institution to agree within 7% and the distance to agreement of the high dose gradient region
near the organ at risk needed to be located within 4mm of where it appeared in the planned
distribution.
It has been suggested that Gafchromic film could be used in conjunction with other dosimeter
techniques such as ionisation chambers, TLD’s or Electronic Portal Imaging Devices
(EPID’s) to verify IMRT treatment plans during the treatment procedure (Winkler P., 2005).
Gafchromic film was thought to be a suitable dosimeter for verifying the dose from IMRT
due to its high spatial resolution. This makes it possible to acquire a number of reference
points in steep dose gradient regions (Fiandra C. et. al., 2006).
It is necessary to evaluate the Gafchromic EBT2 film in terms of fractionating the dose, dose
rate and energy dependence due to the nature of IMRT. IMRT employs high dose rates in
short bursts; creating the need for accurate knowledge of how the film reacts to dose
fractionation and varying the dose rate.
4.3

Aim

To investigate the dose rate and dose fractionation dependence of the EBT2 film, additionally
to compare the newer EBT2 film performance with the earlier EBT model.
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4.4

Method

Dose Rate Dependence
To determine if Gafchromic film exhibits any dose rate dependence pieces of EBT and EBT2
film were irradiated to the same dose level using varying dose rates. Twenty one pieces of
EBT and EBT2 were placed at dmax and irradiated to 2Gy using a 6MV beam. Three pieces
of each were irradiated to dose rates varying between 50 and 1700cGy/min. The dose rates at
the lower and higher end of the spectrum were achieved by varying the SSD. The output was
monitored using an ion chamber.
The film was scanned 48 hours after irradiation to allow for post-irradiation growth. Each of
the film pieces were scanned five times in landscape orientation on the Epson Expression
10000XL using only the middle section of the scanning plate. A 9x9 pixel ROI was selected
in the red channel to measure the pixel value. An average of the last three images scanned
was calculated as well as an average over the films exposed with the same dose rate. The net
optical density was calculated from the average pixel values and a plot of dose rate versus net
optical density was generated.
Dose Fractionation
In an IMRT treatment the dose delivered to a single point in the patient or film may have
come from many individual beam apertures each with a different weighting. To assess
whether the Gafchromic film is affected by fractionating the dose rather than delivering the
dose in one fraction both EBT and EBT2 film were exposed to 2Gy in 10 fractions. Six
varying fractionating schemes were employed; each one differed by the amount of time
between the ten fractions. The time ranged from zero (one large fraction) to 30 seconds and
was monitored by the use of a stopwatch. The film was placed at dmax and irradiated using a
6MV beam. The film was scanned 48 hours after irradiation to allow for post-irradiation
growth. The film was scanned five times each in landscape orientation on the Epson
Expression 10000XL and only the red channel analysed. A 9x9 pixel ROI was selected to
measure pixel value and the pixel value converted to net optical density. The net optical
density was then plotted as a function of fractionation schedules.
4.5

Results and Discussion

Dose Rate Dependence
The net optical density was plotted as a function of the dose rate used to irradiate the EBT
and EBT2 film. Each point on the graph is an average of the net optical density of three films
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irradiated with the same dose rate. The error bars denote the standard deviation of the net
optical density between each of these films.
Dose Rate Dependence
0.5
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Fig. 4.5.1 The dose rate dependence of EBT and EBT2 film.

No trend can be seen for EBT and EBT2 film exposed to the same dose with varying dose
rates, as shown by Fig. 4.5.1. All readings vary by less than 1.5% from the mean value. It
would be expected that varying the dose rate would not alter the dose delivered to the film
due to the way the Varian linear accelerator controls the dose rate (Waldron, 2003). To alter
the dose rate the pulses from the electron gun remain constant and the RF signal from the
magnetron changes phase. When the gun pulse and wave are coincident a pulse of beam is
produced (Sousa, 2009). A pulse only lasts for 2μs and is given off every 104μs which in turn
causes the instantaneous dose rate to be extremely high.
Dose Fractionation
The net optical density was plotted for the various fractionation schemes. The error bars
represent the standard deviation of the net optical density of the number of films used for
each data point.
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Fractionating the Dose Delivery
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Fig. 4.5.2 The effect of fractionating the dose to EBT and EBT2 film

It is evident from Fig. 4.5.2 that there is no clear trend of fractionating the dose delivery for
either EBT or EBT2 film. The variation of the net optical density lies within 1% for both film
types. Similar to the discussion on dose rate dependence, the instantaneous dose rate remains
unchanged, thus the relative time difference between delivery is insignificant when compared
to this.
These results are consistent with the findings of Task Group 55 (Nirooman-Rad A. et. al.,
1998), whom investigated fractionating the dose to the radiochromic MD-55-2 and HD-810
film.
4.6

Conclusion

Dose Rate Dependence
The effect of changing the dose rate when exposing EBT and EBT2 film was investigated. A
dose of 2Gy was delivered to multiple pieces of EBT and EBT2 film using varying dose
rates. It was found that for both EBT and EBT2 film the effect of varying the dose rate
showed no trend and all readings remained within 3%. From the findings it can be concluded
that no corrections need to be made for film used when irradiating with different dose rates.
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Dose Fractionation
The effect of fractionating the dose delivered to both EBT and EBT2 film was investigated. It
was found that there was no clear trend of dose fractionation dependence for either EBT or
EBT2 film. The variation of the net optical density lies within 1% for both EBT and EBT2
film. As no effect is found when fractionating the dose delivery no corrections will need to be
applied to the film when using it to verify an IMRT treatment plan.
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5
5.1

Verification of IMRT treatment

Introduction

To achieve a highly accurate radiation therapy treatment delivery it is necessary to determine
how consistently the treatment correlates with the treatment plan at many locations around
and within the tumour site. This can be quantified by comparing a planar planned distribution
with the equivalent delivered distribution to film and analysing using a quantitative tool such
as a Gamma analysis.
5.2

Gamma Analysis

The distance to agreement (DTA) is calculated by locating a pixel with known dose on the
treatment plan and finding its corresponding pixel on film which has had the treatment
delivered to it. The DTA is then found by measuring the distance between this pixel on the
film and the closest pixel with a similar measured dose to that of the corresponding pixel on
the treatment plan (Low D., et. al., 1998). In using this technique a tolerance level can be set,
i.e. the user could choose a tolerance of 3mm and if the measured dose in a pixel on the film
lies within 3mm of the corresponding pixel on the treatment plan, the pixel passes the DTA.
The test can be viewed as an image where the pixels that fail are given a specific colour.
The Gamma analysis incorporates the DTA with a calculation of dose difference. A tolerance
can be set on the pixel dose, i.e. a tolerance of three percent can be set and if the
corresponding pixel on the film does not have a measured dose within 3% of the dose to the
same pixel on the treatment plan then the test will fail.
The Gamma index is given by Equation 5.1 (Low D., et. al., 1998) where r is radial distance
between the pixel on the treatment plan 𝑟𝑚 and the pixel of interest on the film 𝑟𝑐 . The

difference between the dose of the two pixels is 𝛿 and the dose difference criteria is given by
2
2
∆𝑑𝑀
and the DTA criteria is given by ∆𝐷𝑀
.

𝑟 2 (𝑟𝑚 ,𝑟𝑐 )

Γ(𝑟𝑚 , 𝑟𝑐 ) = �

2
∆𝑑𝑀

+

𝛿 2 (𝑟𝑚 ,𝑟𝑐 )
2
∆𝐷𝑀

∙

(5.1)

It can be seen that if the tolerance criteria is set to 3%/3mm (dose difference/DTA) and the
dose discrepancy is 2.5% between the two pixels and they are separated by 2.5mm, this point
will actually fail. This is because the gamma index follows an elliptical distribution.
A Gamma index of 1 and above indicate the test has failed. Fig. 5.2.1 illustrates how the
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gamma function can be used for a visual analysis of where there is a significant difference
between the measured and the planned dose distribution. On the right image the red area
signifies a fail.

Fig. 5.2.1 An illustration of how Gamma Analysis is performed (Wellhofer, 2009).

For a more comprehensive explanation of the Gamma analysis technique see the study by
Low D A. et. al. (Low D., et. al., 1998).
Sources of uncertainty can be introduced using this approach. One source of uncertainty is
the inaccurate positioning of the phantom in the three orthogonal directions. Spatial
resolution plays a role in errors related to the DTA measurement as the resolution of the
scanner could limit the accuracy of the precise location and edges of high dose regions.
5.3

Aim

To determine the films performance when employing it to verify a treatment plan by use of
Gamma analysis. To compare the results of Gamma analysis when using an individual film
and the average of multiple films irradiated with the same treatment plan.
5.4

Method

The planning system used in this study was Pinnacle version 8 (Philips, 2004) and the
software used to compare the delivered with the planned distributions was Radiological
Imaging Technology (RIT, 2004).
Four plans were created in Pinnacle and delivered to an anthropomorphic phantom, the
phantom can be seen in Fig. 5.4.1.
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Fig. 5.4.1 Anthropomorphic phantom utilized for IMRT verification (Wellhofer, 2009).

The plans consisted of a single square field, a four field box, a single IMRT field and a
composite IMRT treatment. 12 square pieces of Gafchromic EBT and EBT2 film were cut so
as they could be slid to fit precisely into the phantom. Each of the pieces of film were placed
at the same depth in the phantom and irradiated separately. The film was scanned 48 hours
after exposure to allow for post-irradiation growth. The film was scanned using the Epson
Expression 10000XL scanner with a resolution of 72dpi in landscape orientation. Only the
red channel was used for analysis. The treatment plan and the scanned films were opened in
RIT (RIT, 2004). The planar distribution delivered to the film was matched with its
equivalent slice of the treatment plan.

Fig. 5.4.2 A piece of EBT2 film irradiated with a single beam.
A piece of the EBT2 film that was irradiated with a single field can be seen in Fig. 5.4.2. In
the bottom left corner the film identification number is viewable.
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(a)

(b)

(c)
Fig. 5.4.3 Treatment plans of the anthropomorphic phantom, (a) and (c) depict the ‘four
field box’ plan while (b) depicts the ‘single field’ plan.

Fig. 5.4.3 the Pinnacle interface can be seen where beams were angled around the phantom
and the planar distributions were recorded for a comparison with the dose distribution
delivered to the film.
5.5

Results and Discussion

For each of the four plans the three irradiated pieces of film were scanned six times, the first
three scans were discarded due to inaccuracies associated with scanner warm-up; an average
was taken of the subsequent three scans. The three films irradiated with each treatment plan
were compared individually to the Pinnacle (Philips, 2004) plan using the RIT software (RIT,
2004) and an average of the three films was also created and analysed. Using Gamma
analysis the percentage difference and distance to agreement were varied between 3mm and
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10mm and 3% to 10% respectively in all combinations and the percentage that failed the
criteria was recorded.
In the following section ‘method 1’ refers to the single films analysed with Gamma analysis
before the fail rates were averaged and ‘method 2’ refers to each of the three single films
being averaged before Gamma analysis.
The results for both methods of Gamma Analysis of the three films for each treatment field
were tabulated. In the tables for method 1 the standard deviations between the same criteria
of the three films appear next to the averaged fail rate in brackets.
The fail rates were split into the following coloured bands:
Red

Fail ≥ 15%

Green

10% ≤ Fail < 15%

Yellow

Fail < 5%

Blue

5% ≤ Fail < 10%

Table 5.5.1 Single field, average Gamma failure rates for analysis of average of three
films using EBT (method 2).

mm

%
3

4

5

7

10

3

5.21

3.01

2.26

1.48

0.27

4

2.16

1.46

0.85

0.07

0.00

5

0.13

0.01

0.00

0.00

0.00

7

0.00

0.00

0.00

0.00

0.00

10

0.00

0.00

0.00

0.00

0.00
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Table 5.5.2 Single field, average Gamma failure rates for analysis of single films using
EBT (method 1).
%

mm

3

4

5

7

10

0.9(0.84)

0.22(0.38)

3

8.42(2.93) 4.72(0.96) 3.12(0.96)

4

1.36(0.47) 0.89(0.57) 0.36(0.49) 0.04(0.07)

0(0)

5

0.17(0.07)

0.02(0.03)

0(0)

0(0)

7

0.15(0.07) 0.26(0.44) 0.01(0.02)

0(0)

0(0)

10

0.14(0.06) 0.23(0.38) 0.01(0.01)

0(0)

0(0)

0.3(0.49)

Table 5.5.3 Four field box, average Gamma failure rates for analysis of average of three
films using EBT (method 2).
%
4

5

7

10

3

2.03

0.77

0.45

0.25

0.00

4

0.69

0.45

0.41

0.21

0.00

5

0.63

0.40

0.37

0.19

0.00

7

0.56

0.37

0.36

0.17

0.00

10

0.52

0.35

0.35

0.16

0.00

mm

3

Table 5.5.4 Four field box, average Gamma failure rates for analysis of single films
using EBT (method 1).
EBT four field

%

mm

3

4

5

7

10

3

2.85(1.09) 1.85(0.85) 1.19(0.55) 0.58(0.31) 0.05(0.07)

4

1.74(0.4)

1.02(0.45) 0.75(0.41)

0.46(0.3)

0.04(0.07)

5

1.28(0.36)

0.9(0.44)

0.67(0.38)

0.43(0.3)

0.04(0.06)

7

1.19(0.4)

0.84(0.41) 0.63(0.33)

0.4(0.28)

0.04(0.06)

10

1.14(0.4)

0.8(0.4)

0.61(0.32) 0.39(0.25) 0.03(0.06)

71

Table 5.5.5 Single IMRT field, average Gamma failure rates for analysis of average of
three films using EBT (method 2).

mm

%
3

4

5

7

10

3

16.99

11.68

8.55

4.77

1.97

4

12.31

8.34

6.02

2.95

1.15

5

9.42

6.17

4.35

2.14

0.85

7

6.72

4.30

3.17

1.62

0.72

10

5.21

3.47

2.47

1.26

0.66

Table 5.5.6 Single IMRT field, average Gamma failure rates for analysis of single films
using EBT (method 1).
%

mm

3

4

5
11.5(1.4)

7

10

3

23.17(2.62) 16.07(2.16)

3.41(3.63) 2.99(0.54)

4

17.26(3.02) 11.45(2.04) 8.29(1.18)

5

12.51(2.81)

8.04(1.49)

5.72(0.69) 2.83(0.38) 1.19(0.04)

7

6.86(1.72)

4.22(0.86)

2.79(0.41) 1.17(0.25) 0.33(0.23)

10

4.27(1.58)

2.5(0.86)

1.61(0.49) 0.59(0.36) 0.11(0.14)

4.5(0.71)

1.98(0.27)

Table 5.5.7 Composite IMRT field, average Gamma failure rates for analysis of average
of three films using EBT (method 2).

mm

%
3

4

5

7

10

3

11.31

4.13

1.41

0.05

0.00

4

9.66

3.44

1.16

0.03

0.00

5

8.33

2.96

0.94

0.02

0.00

7

6.47

2.27

0.70

0.02

0.00

10

4.60

1.69

0.46

0.01

0.00
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Table 5.5.8 Composite IMRT field, average Gamma failure rates for analysis of single
films using EBT (method 1).
%

mm

3

4

5

7

10

3

15.59(5.76) 7.79(4.46) 3.94(2.92) 1.01(0.97) 0.14(0.13)

4

12.89(4.64) 6.28(3.46) 3.05(2.19)

5

10.91(3.77) 5.15(2.72) 2.38(1.63) 0.45(0.43) 0.04(0.03)

7

8.19(2.72)

3.62(1.61) 1.45(0.91) 0.14(0.14)

0(0)

10

5.71(1.6)

2.35(0.83) 0.78(0.45) 0.03(0.05)

0(0)

0.7(0.68)

0.08(0.07)

Table 5.5.9 Single field, average Gamma failure rates for analysis of average of three
films using EBT2 (method 2).
%

mm

single field
3

4

5

7

10

3

16.88

11.82

9.23

6.87

5.08

4

9.99

7.26

5.75

4.73

3.97

5

6.79

4.70

4.01

3.34

2.32

7

1.77

0.46

0.14

0.06

0.01

10

1.01

0.07

0.00

0.00

0.00

Table 5.5.10 Single field, average Gamma failure rates for analysis of single films using
EBT2 (method 1).
%

mm

3

4

5

7

10

7(1.6)

5.02(1.25)

3

19.35(2.18) 13.11(1.54) 9.79(1.49)

4

11.97(2.3)

7.76(0.72)

6.02(1.14) 4.7(1.24) 3.73(1.23)

5

8.38(2.23)

5.17(0.56)

4.1(1.02)

7

3.51(1.96)

1.21(0.72)

0.57(0.67) 0.2(0.29) 0.04(0.07)

10

1.96(2.05)

0.28(0.39)

0.04(0.06)

3.2(1.43)
0(0)

2.2(1.49)
0(0)
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Table 5.5.11 Four field box, average Gamma failure rates for analysis of average of
three films using EBT2 (method 2).

mm

%
3

4

5

7

10

3

1.55

0.76

0.33

0.01

0.00

4

0.41

0.08

0.02

0.00

0.00

5

0.02

0.00

0.00

0.00

0.00

7

0.01

0.00

0.00

0.00

0.00

10

0.01

0.00

0.00

0.00

0.00

Table 5.5.12 Four field box, average Gamma failure rates for analysis of single films
using EBT2 (method 1).
%

mm

3

4

5

7

10

0.2(0.31)

0(0)

3

6.46(0.71) 2.42(0.29) 0.99(0.72)

4

4.78(0.77) 1.55(0.09) 0.47(0.26) 0.01(0.01) 0(0)

5

4.09(1.19)

7

3.55(1.69) 0.96(0.68) 0.24(0.11) 0.01(0.01) 0(0)

10

3.34(1.58)

1.1(0.54)
0.9(0.64)

0.26(0.13) 0.01(0.01) 0(0)
0.23(0.1)

0.01(0.01) 0(0)

Table 5.5.13 Single IMRT field, average Gamma failure rates for analysis of average of
three films using EBT2 (method 2).

mm

%
3

4

5

7

10

3

18.36

12.14

8.85

5.18

2.63

4

13.95

8.91

6.39

3.67

1.73

5

10.82

6.63

4.57

2.37

1.07

7

6.54

3.56

2.39

1.10

0.52

10

4.09

2.20

1.47

0.66

0.28
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Table 5.5.14 Single IMRT field, average Gamma failure rates for analysis of single films
using EBT2 (method 1).
%
3
3

4

21.09(4)

5

7

10

13.07(3.59) 8.06(2.35) 3.02(0.18) 0.92(0.02)

16.8(4.13) 10.07(3.68) 5.88(2.37) 1.97(0.04)

5

13.63(3.9)

7.93(3.35)

4.5(1.99)

1.34(0.13)

0.3(0.13)

7

9.78(2.68)

5.52(2.54)

3.11(1.35) 0.82(0.33)

0.15(0.2)

10

4.4(1.94)

3.97(1.7)

2.2(0.73)

mm

4

0.54(0)

0.52(0.38) 0.13(0.18)

Table 5.5.15 Composite IMRT field, average Gamma failure rates for analysis of
average of three films using EBT2 (method 2).

mm

%
3

4

5

7

10

3

36.86

25.83

18.00

9.29

4.80

4

32.74

22.50

15.65

7.95

0.91

5

28.65

19.34

13.32

6.58

3.47

7

20.92

13.74

9.24

4.35

2.10

10

13.51

8.59

5.52

2.17

0.91

Table 5.5.16 Composite IMRT field, average Gamma failure rates for analysis of single
films using EBT2 (method 1).
%

mm

3

4

5

7

10

3

39.23(1.24) 28.47(1.42) 19.86(1.16) 9.74(0.77) 3.87(0.73)

4

35.2(1.15)

5

31.23(0.52) 22.16(0.33) 15.08(0.52) 7.13(0.35) 2.61(0.48)

7

24.44(0.76) 16.91(0.61) 11.23(0.55) 4.91(0.14)

10

16.61(1.12) 10.94(0.77)

25.26(0.96) 17.44(0.78)

6.92(0.58)

8.41(0.6)

3.23(0.62)
1.62(0.3)

2.53(0.17) 0.59(0.17)

Upon inspection of the data it is evident that for more complex fields the Gamma fail rates
are higher and that in most cases the EBT2 film had greater fail rates than the EBT film
especially for the more standard fields. It can also be seen that the single films which were
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first analysed using Gamma analysis and then averaged (method 1) had larger fail
percentages than the films which were first averaged then analysed (method 2).
In the past a 3%/3mm criteria was a popular choice for the EBT film when performing IMRT
treatment plan verification using Gamma analysis. The standard deviations are at least 20%
smaller for the 4%/4mm criteria for both EBT and EBT2 film suggesting that this criteria
should be adopted when using a single film to verify an IMRT treatment plan. It is apparent
that the criteria to allow a pass rate of 75% using Gamma analysis would be 4%/4mm for
verification of an IMRT treatment plan using EBT2 film. In one study (Bosran P. S., Woo M.
K., 2008) it was recommended that the tolerance criteria should be set to 3%/3mm with a
pass rate of 95% and for more complex techniques, for example head and neck the pass rate
should be reduced to 88%.
5.6

Conclusion

The films performance in verifying four different treatment plans including a composite
IMRT plan was determined. The gamma fail rates were greater for more complex treatment
fields than for the more standard fields. It was found that to allow a pass rate of 75% using
Gamma analysis for a complex IMRT treatment verification a 4%/4mm criteria should be
adopted. The findings also suggested that when using a single film for IMRT verification
there is a significant uncertainty in the fail rates.
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6

Analysis of Errors

Analysis of Errors
A Type A error is an error resulting from random fluctuations and material inhomogeneities.
Corrections cannot be made for type A errors (NIST, 2006). In this study Type A errors
include fluctuations in the scanner performance and the output of the linear accelerator on the
day of exposure.
Type B errors include limitations of the equipment used; in this study errors of this nature
include any inconsistencies in the film manufacturing process, set-up uncertainty, the nonuniform light field within the scanner and storage conditions.
In this study actions were taken to minimise uncertainties as much as possible.
During the film preparation period plastic gloves were worn to ensure fingerprints and other
contaminants were not introduced to the film. To prevent the possibility of film pieces being
unintentionally switched, individual film numbers were taped to the bottom edge of each and
film numbers recorded. The films orientation was marked prior to cutting, ensuring that all
pieces of film could be scanned in the same orientation. The scanners performance was
monitored by having a calibration strip permanently fixed to the side of the scanning plate.
Before the film was irradiated the output of the linear accelerator was measured with an
ionisation chamber and the dose to the film calculated. Additionally when the film was
scanned the first 3 scans were discarded due to lamp heating time and the subsequent scans
were averaged, for all experiments a read-out was performed at 48 hours post exposure to
ensure all films were read-out at the same stage of the polymerisation process.
The overall uncertainty of using EBT2 film was calculated to be 4.2% when using it for a
dose measurement between 50cGy up to 1600cGy. The uncertainty was calculated by
considering the sensitometric curve and the standard deviation between the many pieces over
which were averaged at each dose level. The overall uncertainty was calculating by the law of
propagation of errors as shown by Equation 6.1.

𝐸𝑟𝑟𝑜𝑟 = �∑𝑑𝑜𝑠𝑒=50𝑐𝐺𝑦

𝑑𝑜𝑠𝑒=1600𝑐𝐺𝑦

𝜎

𝑑𝑜𝑠𝑒
�𝑛𝑒𝑡𝑂𝐷
�
𝑑𝑜𝑠𝑒

2

(6.1)

This uncertainty applies to the film when it is scanned in landscape mode at a resolution of
72dpi, reading out all films at 48 hours after exposure and positioning all films in the central
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portion of the scanner. The uncertainty was calculated based on the plot of the landscape
sensitometric curve, Fig. 2.5.5. The standard deviation of each data point was converted to a
percentage then squared and summed.
In an article by (Hartmann B., Martisikova M., Jakel O.,, 2010) it was determined that dose
uncertainty with EBT2 film using the net optical density method was approximately 6%
which is similar to the uncertainty calculated in this study. Variations in uncertainty could be
attributed to the differing techniques that were used during the process of reading-out the film
such as the orientation of the film, the resolution setting of the scanner and the location of
where the films were placed on the scanner bed as well as the the net optical density
calculation used.
In an article by Bouchard et. al. (Bouchard H. et. al., 2009) it was claimed that errors as little
as 0.9% for absolute dose measurements were achievable when using a calibration curve
which had 12 dose points and when 5 readings were taken.
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7

Conclusion and Future Work

The overall performance of the EBT2 film was quantified to assess whether it was suitable
for IMRT treatment verification. The following recommendations were made to ensure the
minimisation of uncertainty when using Gafchromic EBT2 film.
Although portrait orientation was found to be more sensitive, the film has a greater
uniformity when scanned in landscape orientation. Thus it is recommended that landscape
orientation is used to both calibrate and perform measurements with the film.
No corrections need to be made for the darkening of the EBT2 film due to multiple scanning
as darkening over 10 successive scans was found to be minimal.
It was found that while EBT2 darkened in ambient room light around 4 times less than EBT
film over a period of 50 days the films exposure to room light should be kept minimal to
avoid extra darkening.
Another property of Gafchromic film which needs to be considered for IMRT purposes is the
films angular dependence. EBT2 film has a similar composition to the previous EBT film
thus it would be expected that the angular dependence would be similar to that of the EBT
film. Previous EBT film literature showed no angular dependence from 0o (film laying
perpendicular to incident beam) up until 80o. Between 80o and 90o it was found that the
reading varied by less than 1% (Battum L. J., et. al., 2008).
When it is necessary to cut the film, a guillotine should be used to restrict the propagation of
damage to 1mm from the film edge. The scanner should be set to scan at a resolution of
72dpi. When using film to measure a dose distribution, a sensitometric curve with the same
time interval between exposure and readout as the film being analysed, should be used for
calibration.
Uncertainties due to the non-uniform light field within the scanner can be avoided by placing
a template on the scanner plate so that the film can be placed in repositionable locations.
Fixing a template to the scanner ensures that the results are reproducible. If film is placed on
all regions of the scanner bed, a map of scanner uniformity should be measured and applied
to correct for the non-uniform light field at the periphery of the scanner bed.
The absorbance spectra of Gafchromic EBT2 film depicted a peak in the blue and red region
of the spectrum. The red channel has a high sensitivity and by dividing it by the blue channel
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any inconsistencies present in the film as a result of the manufacturing process may be further
minimised. Thus in future when the film is scanned the red and blue channel may both be
considered. Note this research only considered the red channel. Only the red channel was
assessed in this study to allow for more direct comparison between EBT and EBT2 film.
Separate calibration curves could be measured for each beam energy being used as there is an
energy dependence in the megavoltage energy range, approximately 2% for EBT2. It is also
necessary to acquire a new sensitometric curve with each new batch a centre uses due to
differences in the chemical composition.
Each piece of film should be scanned prior to use to determine its uniformity, this is
necessary as the films response in some areas was found to vary significantly. It was
determined that some pieces of film varied more than others; EBT2 was found to vary up to
8% in some areas.
To verify IMRT treatments with a Gamma analysis a criteria of 4%/4mm and tolerance of
75% should be adopted. These results are based on the linear accelerators at the Illawarra
Cancer Care Centre (ICCC) and using the Pinnacle treatment planning system. A different set
of criteria may need to be used for more complex cases and if using different equipment. In
the future further investigation is needed to improve the pass rate tolerance of 75% and
perhaps tighten the gamma analysis criteria of 4%/4mm which is considerably lower than that
has been recommended for IMRT verification.
It was found that there was no dose rate or energy dependence in the range utilised for IMRT
treatments, also there was no dependence upon fractionating the dose, making it suitable for
use in IMRT treatment verification.
This study has shown that provided appropriate quality control measures are in place, EBT2
could be used to accurately and reliably conduct a dosimetric inter-comparison such as the
ICARIS project proposed for auditing head and neck IMRT treatments.
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